linically, intentional occlusion of the left subclavian artery (LSA) has been done to exclude a distal aortic arch aneurysm during endovascular stentgrafting. [1] [2] [3] [4] [5] However, the LSA is crucial for patients with critically stenosed carotid or vertebral arteries or a functionally compromised circle of Willis, and also for those who have undergone coronary artery bypass grafting using the left internal thoracic artery (LITA). We have attempted to save the LSA by using hand-made fenestrated stent grafts, which facilitate stent-graft placement in the aortic arch without necessitating bypass-grafting to the LSA; however, because of the complex configurations of aortic disease, the LSA cannot always be saved by this technique. In our institution, a LSA occlusion test is used and when the results indicate no adverse effects from loss of the LSA, intentional LSA occlusion can be an option. We report our strategy for dealing with the LSA during endovascular stent-grafting for distal aortic arch diseases. hand-made stents. From among these, 40 cases (28.6%) in which the stent grafts were placed proximal to the LSA (zone 0-2) 6 became the subject of this study (Table 1 ). The patients, aged 17-92 years (mean 71.6), consisted of 36 males and 4 females. Emergency stent-grafting was performed in 9 cases (22.5%).
C
15 mm between the stents so as to fit the configuration of the distal aortic arch based on 3-dimensional computed tomography (3D-CT) images. The stent graft is manually loaded into the proximal end of a 20-22Fr sheath (Cook Inc), depending on the diameter of the stent graft. The delivery system is advanced through the femoral or iliac artery to the target region over the guidewire using the brachial guidewire technique to overcome the unfavorable anatomy of the iliac artery. The sheath is withdrawn after DSA has confirmed the exact location in relation to the head vessels, primary entry tear, and the diseased aortic segment. In cases of aortic dissection, positioning of the guidewire in the true lumen is verified with intravascular ultrasonography. During deployment of the stent graft, prevention of stent-graft distal migration is achieved either by lowering systolic arterial blood pressure to 80 mmHg by intravenous administration of nicardipine hydrochloride, or by inducing cardiac arrest for several seconds through intravenous administration of adenosine triphosphate disodium. Based on the 3D-CT images, when it is decided that the stent graft needs be placed more proximal to the LSA, the occlusion test is performed in an angiography suite, using a balloon catheter through the femoral artery or left brachial artery under local anesthesia (Fig 1) . During occlusion of the LSA for 20 min, neurological tests, including a fingerto-nose test, are repeatedly performed to reveal possible adverse effects, such as cerebellar, brain stem, spinal cord or left arm ischemia. The period of 20 min as the LSA occlusion time to avoid neurological complications secondary to the test was determined in consideration of a report 8 in which there was no paraplegia or paraparesis in patients who underwent thoracic aortic repair using simple aortic clamping of less than 30 min. Of the 40 study patients, 31 underwent the LSA occlusion test prior to elective stent-grafting. Because of their clinical conditions and based on the computed tomography images taken at the referring hospitals, the other 9 patients underwent emergency stent-grafting without the preoperative occlusion test.
In the 22 cases in which the proximal edge of the aneurysm or primary entry was located at least 10 mm away from the LSA, a fenestrated stent graft (Fig 2) was used and placed proximal to the LSA without sacrificing blood flow into the LSA (Fig 3) . In the 13 cases in which the proximal edge of the aneurysm or primary entry was located less than 10 mm away from the LSA or in which the LSA was involved in the aortic aneurysm, the LSA was covered by a stent graft. When type II endoleak from the LSA was preoperatively expected, or seen on DSA following stent-graft deployment, the LSA was occluded using a coil or a stent graft with single end stitched up before or after aortic stentgraft deployment (Fig 4) . In the remaining 5 cases in which either the left carotid artery (LCC) had to be covered to make a proximal landing neck, or, based on the results of the LSA occlusion test, the LSA was crucial for brain circulation, bypass-grafting to either the LSA or both the LCC and LSA was performed. As described above, our strategy regarding management of the LSA during stent-grafting for distal aortic arch disease is that the LSA should be preserved as far as possible using a fenestrated stent graft, and bypass-grafting to the LSA is used in limited cases based on the preoperative evaluation.
This procedure using surgeon-made stent grafts was approved by the institutional ethics committee and informed consent for this procedure was given by the patients in elective cases, or their families in emergency cases. 
Results
The hospital mortality rates for the elective and emergency cases were 3.2% and 30.0%, respectively. A 76-year-old man suffered rupture of a distal aortic arch aneurysm 24 h after elective stent-grafting using a fenestrated stent graft in zone 0. Type I proximal endoleak was observed on DSA during stent-grafting. Although open surgical repair was recommended to the patient and his family, further treatment for ruptured aneurysm was declined and the patient eventually died 2 day after stent-grafting. A 55-year-old man with anastomotic pseudoaneurysm that ruptured into the left lung underwent emergency stent-grafting in zone 2, but minor type I endoleak was observed on DSA during the operation. Because the patient did not consent to open surgical treatment, despite recurrent hemosputum, conservative treatment was used and the patient died 11 days after stent-grafting because of massive hemoptysis. A 72-year-old man underwent emergency stent-grafting using a fenestrated stent graft in zone 2 for a ruptured distal arch aneurysm. Although the aneurysm was well excluded by the stent graft and blood flow into the LSA was also well preserved, he suffered a cerebral infarction (right hemiplegia and aphasia). At 8 months after primary stent-grafting, he was transferred back to our department because of hemoptysis and sepsis. Secondary stent-grafting using an unfenestrated stent graft in zone 2 was performed for aorto-bronchial fistula, but the patient's critically deteriorated general condition did not allow radical operation including graft removal. Although the pseudoaneurysm was well excluded, hemoptysis recurred and the patient died from hemoptysis and sepsis 3 days after secondary stent-grafting. A 73-year-old man with a history of previous graft replacement of the descending thoracic aortic aneurysm was transferred by helicopter for aorto-esophageal fistula. Although emergency stent-grafting was started, another rupture occurred at the beginning of the operation. The distal aorta was immediately occluded using an aortic occlusion balloon and stent-grafting was performed. The patient did not respond to cardiopulmonary resuscitation and died on the operating table.
Technical success without endoleak was achieved in 33 of 40 cases (82.5%). Postoperative complications were 2 cases of iliac artery injury (5.0%) and 1 cerebral infarction (2.5%), which was described above. There was no case of postoperative spinal ischemia, including temporary paraparesis.
LSA patency was successfully maintained in all 22 cases using a fenestrated stent graft, which means that the LSA was saved in 55% of the subjects with distal arch disease in this series. The LSA occlusion test was performed in 31 elective cases and revealed 2 cases in which the LSA was crucial for brain circulation (6.5%). A 71-year-old man lost consciousness several seconds after LSA occlusion. As soon as the occluding balloon was deflated, his consciousness returned. A 76-year-old woman complained of vertigo a few minutes after LSA occlusion. There were no adverse events, such as embolism or arterial injury, following the occlusion test. Five patients, including these 2, underwent concomitant bypass-grafting to the LSA during aortic stentgrafting and of them 3 underwent concomitant bypassgrafting to the LSA because they needed bypass-grafting to the LCC to keep a sufficient length of the proximal landing zone to exclude a distal aortic arch aneurysm. They were discharged without complication.
In the mean 20.5 months follow-up period (1-48), 6 patients (16.7%) died, 3 of cerebral hemorrhage, 1 of cancer, 1 of acute aortic dissection, and 1 of sudden death, cause unknown. Regarding stent-graft related events, 3 patients needed open surgical intervention because of enlargement of an aortic aneurysm (8.6%) caused by type I endoleak observed during primary stent-grafting and 2 needed additional proximal stent-grafting for newly emerged type I endoleaks (5.6%). Stent-graft migration did not occur during the follow-up period. None of those in whom the LSA was simply covered by a stent graft following a preoperative LSA occlusion test, underwent any intervention to restore blood flow to the LSA during the follow-up period.
Discussion
Generally, intentional occlusion of the LSA is widely accepted in cases in which the proximal landing zone is too short to exclude distal aortic arch aneurysm during endovascular stent-grafting. [1] [2] [3] [4] [5] However, the LSA is anatomically important for some patients. A dominant or single left vertebral artery or a vertebral artery that ends in the posterior inferior cerebellar artery is important anatomy, as is contralateral subclavian disease, especially in the presence of an incomplete circle of Willis. In addition, the LSA is very important for patients who have undergone previous coronary artery bypass-grafting with the LITA. Although left arm ischemia immediately after LSA occlusion is very rare 9 and revascularization of the intentionally occluded LSA is reported to occur mainly in the follow-up period, 3, 5 brain stem ischemia and paraplegia have been reported as complications. 3, 10 Despite the low incidence of these complications, every attempt to prevent them, at least in elective cases, should be made, because when they do occur they are devastating. Therefore, we performed a preoperative LSA occlusion test in elective cases in which stent grafts were to be placed proximal to the LSA (zone 0-2). Although our study also confirmed a low incidence of critical adverse effects following LSA occlusion, there was possibly 1 case of surgical death because of brain stem ischemia. Recently, 3D-CT has become popular as perioperative imaging for endovascular therapy. 11 Considering the low incidence of critical adverse effects following LSA coverage, an initial screening to detect possible complications caused by LSA occlusion might be replaced by evaluation of the vertebrobasilar arteries using 3D-CT. If the preoperative imaging study reveals a high risk of complication secondary to intentional occlusion of the LSA, it might be reasonable to perform a more invasive study such as the LSA occlusion test. Currently, we have chosen 3D-CT as the initial screening of the vertebro-basilar circulation and then we perform the LSA occlusion test only for patients with an abnormal anatomy. One patient with an occluded right vertebral artery (Fig 5) did not show any adverse effects during the preoperative LSA occlusion test, so we believe that the occlusion test is the most reliable method of predicting possible complications secondary to intentional LSA coverage by a stent graft.
The outcome of endovascular stent-grafting for thoracic aortic disease is largely dependent on anatomical factors of the aneurysm or dissection. 12 If the indication for endovascular stent-grafting for distal aortic arch diseases is limited only to patients without risk factors, technical success will be achieved in almost all cases, 13 but the number of candidates will be limited. In our experience, a distal aortic arch lesion is involved in many patients with thoracic aortic aneurysm, especially those with other high-risk factors. These patients should be managed by endovascular therapy as a less invasive treatment. However, distal aortic arch disease is not a good indication for endovascular stent-grafting because of the lack of a proximal landing zone, possible occlusion of head vessels, and large diameter of the proximal landing zone. One way of overcoming these problems is bypass-grafting to the head vessels prior to stent-grafting. 1, 14 However, that is not a completely safe procedure 4, 5 and possibly increases both operative morbidity and mortality, especially for those with high-risk factors. According to reports of stent-grafting concomitant with bypass-grafting to head vessels, the technical success rate and the mortality rate are 87% and 7-17%, respectively, 1,14 which means there is no advantage compared with our results obtained using fenestrated stent grafts without bypass-grafting. Branched stent graft for aortic arch aneurysm was reported several years ago 15 and although the concept is promising, it has not been widely accepted because of the high mortality rate and high incidence of postoperative cerebral infarction. Saito et al recently reported improved results without any stroke complication using a single-branched stent graft for distal aortic arch aneurysm. 16 If limited to an indication for stent-grafting only from zone 2, a branched-stent graft seems to be an acceptable procedure. However, as we report, more than one-third of cases of distal aortic arch disease need a more proximal landing from zone 1 at least. Branched-stent grafting needs further modification to treat distal aortic arch disease successfully. Another alternative way of preserving the LSA is in situ stent-graft fenestration, which was described in a case report. 17 Regarding that method, it might be difficult to create a large fenestration in a vascular graft using a balloon catheter and possible graft failure in the follow-up period might be a concern.
In conclusion, the LSA plays an important role in brain circulation in some patients, so a preoperative occlusion test is helpful in deciding on the stent-grafting procedure. A fenestrated stent graft saved the LSA in more than 50% of our distal arch aneurysm cases.
